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INTRODUCTION
The establishment of epithelial junctions is crucial for cell polarity and adhesion during development. The distinct apical and basolateral surfaces of epithelial cells allow different regions of the cell to develop specialized structures and functions (Figure 1 ). Adhesion between epithelial cells is essential for several processes, including the dramatic changes in cell shape, cell-cell contacts and cellular rearrangements that occur during morphogenesis (1) . Because the molecules used to assemble and modulate adhesion and polarity complexes are similar in Caenorhabditis elegans, Drosophila, and humans (2), studies in invertebrate model organisms will shed light on general mechanisms used to regulate cell-cell adhesion in multicellular animals.
C. elegans is a powerful model system for investigating the formation and regulation of adhesive structures in vivo because of its optical transparency, invariant cell lineage, short generation time, and the large number of genetic tools that are available (3) . In addition, C. elegans embryos, larvae, and adults possess several Comparison of the organization of epithelial junctions in vertebrates, Drosophila, and C. elegans (A-C, respectively), with the apical membrane on top, and the basal membrane (in red) on the bottom. Whereas in vertebrates and Drosophila, different junctions are distinguishable by electron microscopy, the C. elegans junction consists of a single electron dense region called the apical junction, which consists of three molecular domains (2, 16) . Despite differences in organization, there are some common features between the different junctional regions. At the apex is the apical membrane domain, which shares some of the same components as vertebrate tight junctions and the subapical region (SAR) of Drosophila (2, 95) . Similar to the SAR in Drosophila, the C. elegans apical membrane domain localizes to both the marginal zone equivalent and the apical surface (6, 87) . Next is the cadherin-catenin complex, which confers adhesion similar to the zonula adherens domain in vertebrates and Drosophila (2, 16) . The most basal component of the junction is the DLG-1/AJM-1 complex, which contains homologues of several proteins found in Drosophila septate junctions (2, 16) . simple epithelia (Figure 2 ), including the epidermis, pharynx, intestine, and reproductive organs, which permit analysis of the establishment and maintenance of epithelial cell junctions (4) (5) (6) (7) . Forward genetic screening (4) , as well as the use of specially designed transgenes and post-embryonic RNAi (7, 8) have allowed researchers to examine the role of adhesion and polarity proteins in these tissues. Such analysis is complemented by genomic analyses, which have identified numerous putative adhesion receptors, many of which have vertebrate homologues (9, 10) . All of these advantages are supplemented by the ability to easily express fluorescently tagged proteins in living embryos, which enables the assessment of junction assembly, dynamics, and regulation at the level of single cells in vivo (8, (11) (12) (13) . In this review, we present recent findings regarding the establishment and organization of apical junctions in C. elegans, which have in turn expanded our understanding of cell adhesion throughout the animal kingdom.
THE C. ELEGANS APICAL JUNCTION
As in other organisms, cell-cell junctions in the C. elegans embryo have several diverse roles, including providing a permeability barrier, the mediation of strong adhesive linkages between neighboring epithelial cells, the establishment and maintenance of polarity, and the formation of connections to the cytoskeleton (14) . In C. elegans, the apical and basolateral surfaces of cells are separated by continuous circumferential cellular junctions (15) . Unlike Drosophila and vertebrates, however, epithelial junctions in C. elegans consist of a single discernable electron-dense structure, the apical junction, which has several distinct domains ( Figure 1) (12, 16) . In this section we introduce each of the major junctional complexes. Below, we discuss each in detail.
Like all higher eukaryotes, C. elegans epithelia contain a classical cadherin-catenin complex (Figure 3 ), which is part of the adherens junctional domain (2, 4, 15, 17) . The cadherin-catenin complex is comprised of three essential proteins: a classic cadherin, encoded by hmr-1, which facilitates interactions with other cells, hmp-1/alpha-catenin, which interacts with the actin cytoskeleton, and hmp-2/betacatenin, which mediates the interaction between HMR-1 and HMP-1 (4) . While these proteins have low overall sequence similarity to vertebrate homologues, they have conserved functional domains and protein-protein interactions (2). Embryos that lack functional cadherin-catenin complexes fail to enclose and elongate during morphogenesis, resulting in embryonic lethality (4) .
Basal to the cadherin-catenin complex is a complex that includes the MAGUK (Membrane Associated GUanylate Kinase) family protein DLG-1/Discs large, and . At this stage of development, the dorsal epidermal cells are fusing to form a multicellular syncytium, so junctions that previously demarcate cell boundaries are being disassembled (11, 13, 26, 161) . (B) An actual embryo expressing DLG-1::GFP, a convenient marker that highlights epidermal cell junctions and outlines neighboring cells in the C. elegans embryo. (C) Epithelial junctions are also present in the developing rectal valve (orange), intestine (green), and pharynx (red). The gray lines mark where the three organ systems will eventually connect to each other in later stage embryos (6, 95) . (D) AJM-1::GFP in an actual embryo marks cell junctions in the digestive tract, so they can be followed throughout development.
its binding partner, AJM-1 ( Figure 4 ) (12, 18) . AJM-1 is a novel protein whose major predicted structural feature is a large coiled-coil domain (12) . In addition, the Scribble homologue, LET-413, may also be present at the DLG-1/AJM-1 complex, but its localization also extends basally, well beyond this region (19) .
A third domain of the C. elegans apical junction is the apical membrane domain ( Figure 5 ), which in some tissues contains transmembrane proteins of the Crumbs family (6, 20) , the PAR/aPKC complex (7, 8) , and proteins that stabilize cytoskeletal attachments to the apical membrane, including SMA-1/beta-heavy-spectrin (21) . This region has a composition similar to that of the vertebrate tight junction (22) and the subapical region (SAR, or marginal zone) of Drosophila epithelia (23).
In the following sections, we describe in detail the structure and known functions of each of these apical junction subdomains. We begin with the cadherin-catenin complex, which is central to the function of the C. elegans apical junction.
THE C. ELEGANS CADHERIN-CATENIN COMPLEX

HMR-1/cadherin, HMP-2/beta-catenin, and HMP-1/alpha-catenin: core components of the classical cadherin-catenin complex
Before the C. elegans genome was sequenced, the C. elegans cadherin-catenin complex ( Figure 3 ) was discovered through a genetic screen due to its role in regulating epidermal morphogenesis during ventral enclosure and elongation (4) . During ventral enclosure, the free, ventral edges of the embryonic epidermis migrate around the embryo toward the ventral midline, where they meet and form nascent junctions (11, 13, 24) . These events are mediated in part by HMR-1/cadherin, which, as Figure 3 . A schematic overview of the cadherin-catenin complex in C. elegans. The classic cadherin, HMR-1, interacts intracellularly with JAC-1/p120 catenin and HMP-2/beta-catenin; HMP-2 recruits HMP-1/alpha-catenin to the junction (4). HMP-1 anchors circumferential actin filaments that transmit actomyosin generated forces required for elongation of the C. elegans embryo to the cell junction (2, 4, 26) . The claudin-like protein VAB-9 also localizes to this region (14) . in vertebrates (25) can form calcium-dependent homophilic bonds with cadherin molecules on neighboring cells (11) . The embryo then elongates, a process that involves the development of circumferential actin filaments within the epidermis. These filaments, which presumably transmit the forces generated by actomyosin-mediated contraction to the epidermis, are anchored at epidermal cell-cell boundaries by the cadherin complex. Loss of either HMP-2/beta-catenin or HMP-1/alpha-catenin results in detachment of these filaments, failure of embryonic elongation, and death (3, 4, 26) .
Traditionally, beta-catenins function in two important processes during development: cell-cell adhesion, and as downstream effectors of the Wnt signaling pathway (27) . C. elegans represents an interesting example of evolutionary diversification of beta-catenins. Based on primary sequence data, two beta-catenin homologues were initially identified in addition to HMP-2: BAR-1 and WRM-1 (28) (29) (30) . HMP-2 is clearly implicated in cell-cell adhesion (4), however, unlike beta-catenins in vertebrates and Drosophila (31, 32) , HMP-2 does not interact with the single Tcf/Lef homologue in C. elegans, POP-1 (33, 34) . BAR-1 appears to act canonically via a classical destruction complex in C. elegans larvae (29, 30, 35) , but bar-1 null mutants exhibit no defects in embryonic morphogenesis (36; our unpublished observations).
In contrast to BAR-1, WRM-1 only weakly interacts with POP-1 (33, 34) , but it interacts strongly with LIT-1, a Nemo-like kinase (NLK). LIT-1 is part of a MAPK-like pathway that leads to changes in the nuclear accumulation of POP-1 (28) (29) (30) in a pathway recently named the "Wnt/beta-catenin asymmetry" pathway (30) . More recently, a fourth protein with Armadillo repeats, SYS-1, that can be considered a divergent beta-catenin based on functional data, has been shown to participate in Wnt/beta-catenin asymmetry (30, 37, 38) . Like BAR-1 and WRM-1, there is no evidence linking SYS-1 to cell adhesion. This functional separation of known beta-catenin functions in C. elegans suggests that HMP-2, as a largely adhesion-specific beta-catenin, may provide unique opportunities in the future for studying features of betacatenin that are important for its adhesive functions.
Subsequent to the sequencing of the genome, a p120-catenin homologue, JAC-1 (Juxtamembrane domain- Figure 4 . A schematic overview of the DLG-1/AJM-1 complex. This complex, consisting of DLG-1/Discs large and its binding partner, AJM-1, is basal to the cadherin-catenin complex, but is required to stabilize the electron density associated with apical junctions (6, 12, 18) . LET-413 targets the DLG-1/AJM-1 complex to apical junctions, and while it may also be present at apical junctions, its localization extends far more basally (18, 19, 93) . DLG-1, specifically its L27 domain, is required for efficient spreading of AJM-1 along cell junctions (85) . Experiments suggest that the DLG-1/AJM-1 complex acts synergistically with the cadherin-catenin complex to regulate cell adhesion (12, 18) . This modulation of cell adhesion presumably involves an unidentified transmembrane protein with which the DLG-1/AJM-1 complex physically interacts. One such protein could be the claudin CLC-1, with which AJM-1 colocalizes in the pharynx (105) .
Associated Catenin) was identified (17) . JAC-1 exhibits the same 10 Armadillo repeats in its central region characteristic of other p120-catenins (17, 39) . However, unlike the N-termini of mammalian and Drosophila p120-catenins, the N-terminus of JAC-1 contains four fibronectin type III domains (17) . Whether this confers different functional properties on JAC-1 is unclear. Together, HMR-1, HMP-2, HMP-1, and JAC-1 appear to constitute a bona Figure 5 . A schematic overview of the apical membrane domain in C. elegans. The apical membrane domain comprises at least three groups of proteins: the PAR/aPKC complex, CRB-1/Crumbs, and the spectrins (115, 121, 138) . The spectrins, SMA-1/beta-heavy-spectrin and SPC-1/alpha-spectrin, appear to be present in all epithelial tissues, where they mediate the attachment of actin to the apical membrane (116, 147) . The PAR/aPKC proteins and CRB-1/Crumbs are only found in non-cuticular epithelia such as the intestine and parts of the pharynx (15) . The PAR/aPKC complex consists of three proteins, PAR-3, PAR-6, and PKC-3, and constitutes an apical polarity complex in epithelia (124, 125) . CRB-1/Crumbs appears to play a redundant role with LET-413 in the polarization of epithelia (95) . ERM-1 genetically interacts with SMA-1 and appears to play a structural role in gut lumen formation (159, 160).
fide classical cadherin complex. HMR-1/cadherin is required for recruitment of JAC-1/p120-catenin, HMP-2/beta-catenin and HMP-1/alpha-catenin, and HMP-2/betacatenin is required for proper localization of HMP-1/alphacatenin (4, 17) . All of this suggests that the core cadherin complex components in C. elegans have functions and interactions similar to their vertebrate counterparts.
Connecting to the cytoskeleton: HMP-1/alphacatenin
The traditional view of the cadherin-catenin complex depicts its core components as assembled into a simultaneous complex ( Figure 3 ): the transmembrane cadherin bound on its cytoplasmic tail to p120-catenin and beta-catenin, and beta-catenin in turn bound by alpha-catenin, which can interact with actin (2, 25, 40, 41) . While C. elegans localization data supports the idea that all three cadherincatenin proteins can be dynamically found together at apical junctions (4), this traditional view, at least in terms of the presence of a simultaneous, quaternary complex of cadherin/beta-catenin/alpha-catenin/F-actin, was recently challenged (42-44). In vertebrates, biochemical experiments show that alpha-catenin cannot simultaneously bind actin and a beta-catenin/E-cadherin complex (42, 43). Moreover, heterodimeric alpha-catenin/beta-catenin has a high affinity for E-cadherin, whereas dimeric alpha-catenin has a high affinity for actin, and alpha-catenin bound to E-cadherin/beta-catenin can leave the complex and bind actin in solution (42, 43). These observations have led to a model in which E-cadherin and beta-catenin recruit alpha-catenin to junctions via transient interactions. The subsequent dissociation of alpha-catenin from the complex results in the formation of alpha-catenin homodimers in the vicinity of apical actin, where they can influence filament dynamics, possibly by antagonizing the branching effects of the Arp2/3 complex (42-44).
One of the features of this revised model is that actin at adherens junctions must either be recruited by another actin-binding protein at the junction (45), or via transient interactions of alpha-catenin itself with other actin-binding proteins (44) . That the latter is a possibility is suggested by results from vertebrate tissue culture and Drosophila (46) , which suggest that bypassing betacatenin entirely can still lead to some adhesive function. Moreover, direct fusions between cadherins and the C terminus of alpha-catenin suggest that such constructs are sufficient to confer some adhesive activity (44, 45, 47) .
C. elegans may be an outstanding system in which to address how alpha-catenin functions. Several domains of vertebrate alpha-catenin have previously been described, including an N-terminal beta-catenin-binding domain and a somewhat poorly defined F-actin binding site on the C-terminus (48, 49) . Sequence comparison indicates C. elegans HMP-1/alpha-catenin contains all of these previously characterized functional domains (49, 50) . In addition, the availability of multiple null alleles, the ability to easily express transgenes, and the variety of microscopy tools available make C. elegans a promising model organism for studying how alpha-catenin functions at epithelial junctions in vivo (2, 4, 14, 17).
Regulation of the cadherin complex: JAC-1/p120catenin
Although the core components of the cadherin complex are all present in C. elegans, functional studies on JAC-1/p120-catenin suggest that there are differences in the importance of this member of the complex compared with vertebrates. In vertebrates, p120-catenin appears to have numerous functions, including kinesin-mediated transport of cadherins to the cell surface (51-53), modulation of Rho signaling (39, (54) (55) (56) , and regulation of the transcription factor Kaiso (57-59). In contrast to these multiple roles for p120-catenin in vertebrates, RNAi depletion of jac-1/p120-catenin has no observable phenotypic effect, suggesting JAC-1 may not play an essential role in cadherin-catenin function in C. elegans (4, 17) . Strikingly, as in C. elegans, knocking down the Drosophila p120-catenin homologue does not result in embryonic lethality (60). However, in both C. elegans and Drosophila, simultaneous knockdown of p120-catenin and other cadherin-catenin complex proteins does lead to dramatic phenotypes (17, 60) . In C. elegans, jac-1 (RNAi) increases the penetrance of defects associated with a hypomorphic allele of hmp-1/alpha-catenin, hmp-1 (fe4), and enhances its disorganized actin phenotype (17) . This indicates that JAC-1/p120-catenin does play a role as a modulator of cadherin-catenin function. How it does so is less clear. The lack of a jac-1 null mutant currently hampers further study of this modulatory role for JAC-1 at the apical junction.
Regulation of HMP-2/beta-catenin: a role for FRK-1/Fer kinase?
Another protein that may modulate the cadherincatenin complex is FRK-1, an ortholog of the mammalian non-receptor tyrosine kinase, Fer. FRK-1 localizes to epithelial junctions and is reported to be necessary for embryonic enclosure and morphogenesis (61) . Moreover, FRK-1 appears to mislocalize in hmp-2 mutants and jac-1 (RNAi) embryos and coimmunoprecipitates with HMP-2 (61). Perhaps most interestingly however, FRK-1 may be required for nuclear exclusion of HMP-2, and hence maintenance at epithelial cell junctions (61) . Some functions of FRK-1 appear to be independent of its function as a bona fide kinase, however, since a kinase-dead mutant form of FRK-1 is capable of rescuing morphogenetic defects in embryos homozygous for a deficiency that deletes frk-1 (61) . This suggests that FRK-1 has kinase-independent functions during later embryogenesis. One possibility is that FRK-1 functions as a scaffolding protein, as has been shown for MAGUK (Membrane Associated GUanylate Kinase) proteins, which possess a non-functional guanylate kinase domain (62) . Whether FRK-1 also plays roles in regulating the phosphorylation state of HMP-2 or other beta-catenins that are functionally separable from its kinase-independent functions is unknown. Fully understanding the role of FRK-1 at epithelial cell junctions is an important area of future research.
VAB-9: a divergent claudin family member regulated by the cadherin complex
Claudins are tetraspan, homotypic cell-cell adhesion receptors that mediate paracellular permeability in vertebrate tight junctions (63), but their function in C. elegans are just beginning to be understood (see below) . Surprisingly, a divergent member of the claudin superfamily, vab-9 (Variably ABnormal) was identified as a regulator of epidermal morphogenesis in C. elegans using forward genetic approaches (14) . Positional cloning showed that vab-9 encodes a divergent claudin-like molecule most similar to vertebrate BCMP1 (brain cell membrane protein 1) (14, 64) . vab-9 mutants have a variety of body shape defects, and disrupted circumferential actin filaments, similar to hmp-1 mutants, suggesting vab-9 functions within the same pathway. Consistent with this possibility, VAB-9 localizes with the cadherin complex ( Figure 3 ) and requires HMR-1 for localization to cell junctions and HMP-1 for its long-term stability at junctions (14) . Taken together, these results indicate that VAB-9 is a novel, phylogenetically conserved component of the cadherin-based adhesion machinery. The small number of amino acids in the cytoplasmic domain of VAB-9 has thus far hampered progress toward identifying its binding partners; hopefully future work will identify in more detail how this conserved, poorly characterized protein functions in cell-cell adhesion.
The search for adhesion molecules that are functionally redundant with the cadherin complex
While important for morphogenesis, the cadherin-catenin complex in C. elegans is not essential for general cell adhesion in embryos (4) . This is a pronounced departure from what is known about cadherin-based adhesion in other systems. Eliminating alpha-catenin, betacatenin, or E-cadherin has dramatic effects on polarization, zonula adherens formation and epithelial structure in Drosophila (65) (66) (67) (68) . In mice and Xenopus, depleting cadherins or catenins similarly disrupts early embryonic cell adhesion (69, 70) . Because this is not the case in C. elegans, other adhesion molecules presumably function redundantly with the cadherin-catenin complex in the early C. elegans embryo. Indeed, C. elegans may be a convenient model system for identifying such redundant adhesion systems.
One promising class of adhesion molecules that may function alongside the cadherin complex is the L1CAM family of proteins. L1CAMs are part of the immunoglobulin superfamily, conserved in vertebrates and invertebrates, and have already been implicated in cell adhesion in invertebrates (71) .
In Drosophila, hypomorphic mutations in the L1CAM neuroglian result in disrupted septate junctions, suggesting a role in cell adhesion (72) .
In C. elegans, the L1CAM SAX-7 localizes to cell-cell contacts in the early embryo and epithelia and can interact in vitro with vertebrate ankyrin, part of the spectrin based membrane skeleton (73) (74) (75) . Transgenic embryos expressing a dominant-negative SAX-7 display variably penetrant phenotypes, including cells with altered shapes and positions, which also implies a defect in cell-cell adhesion (73) . The incomplete penetrance of sax-7 mutant phenotypes suggests that other adhesion molecules compensate for its loss (74) . Given the existence of a hypomorphic, maternal effect allele of hmp-1 (17) , it should be possible to test whether SAX-7 and the cadherin-catenin complex function synergistically in promoting general cell-cell adhesion in the early embryo. Moreover, similar tests could be performed using other putative cell adhesion receptors, such as other members of the cadherin superfamily that are encoded by the C. elegans genome (9).
Comparison with vertebrates suggests the C. elegans cadherin complex is a "minimalist" system
Although it is not particularly surprising that C. elegans has a core cadherin-catenin complex, what is surprising is how many proteins thought to be essential to the function of the vertebrate complex are missing from the cadherin-catenin complex in C. elegans. For example, vertebrate alpha-catenin can heterodimerize with vinculin (76), alpha-actinin (77), ZO-1 (78, 79) and l-afadin (80) to promote filament cross-linking, and can associate with the F-actin nucleating proteins formin-1 (81) and the mammalian Enabled homologue, Mena (82). Neither vinculin nor alpha-actinin is present with the cadherincatenin complex in C. elegans (83, 84) and while the C. elegans genome contains homologues of ZO-1, l-afadin, and formin-1, their roles at junctions have yet to be described. In addition, other effectors such as C. elegans Enabled have surprisingly minor roles at cell-cell junctions (see below). Such surprises suggest that C. elegans may be extremely useful as a "minimalist" system for examining the core features of the cadherin complex, and indeed other conserved adhesion complexes, in animal embryos.
THE DLG-1/AJM-1 COMPLEX
DLG-1 and AJM-1: core components of the basolateral domain
In C. elegans, DLG-1 is essential for organizing the DLG-1/AJM-1 complex at epithelial junctions (85) . DLG-1 is essential for the proper localization of AJM-1 in multiple epithelial tissues ( Figure 4 ) and loss of either protein results in developmental arrest at the two-fold stage during elongation, often accompanied by swollen/ruptured cells that may be necrotic (12, 18, 85) . Additionally, TEM shows that the integrity of the electron-dense region of the epithelial cell junction is perturbed in both dlg-1 and ajm-1 mutants. Loss of DLG-1 results in a complete loss of electron dense material (18) , and loss of AJM-1 lead to the formation of bubble-like separations between junctions (12) .
These results suggest that the DLG-1/AJM-1 complex is a key stabilizer of this junctional domain at its cytoplasmic interface. Since it is a MAGUK family protein, DLG-1 may act as a scaffolding protein, allowing the integration of a wide variety of proteins into this subdomain (62) .
DLG-1 is the homologue of Drosophila Discs large (Dlg), which localizes to and maintains septate junctions (Figure 1 ) (86) . Dlg acts together with the proteins Scribble (Scrib) and Lethal-giant-larvae (Lgl) to control the localization of apical and adherens junction proteins and in regulating cell proliferation (62, 86) . Dlg mutants exhibit disrupted septate junctions and an overall loss of cell polarity (87) . This overall loss of cell polarity has made it difficult to demonstrate a specific role for Dlg in regulating proteins involved in maintaining the integrity of junctional domains in Drosophila (as described in 12). However, in C. elegans, the recruitment of proteins to the DLG-1/AJM-1 complex appears to be largely independent of HMR-1/E-cadherin, HMP-2/beta-catenin, and HMP-1/alpha-catenin, since none of these is required to localize AJM-1 (4, 12) . Conversely, DLG-1 and AJM-1 are not required for largely normal recruitment of cadherin complex components (12) . This has enabled functional studies of DLG-1 at cell-cell junctions.
The role of DLG-1 subdomains in its localization
A recent structure-function study of DLG-1 provides new insights into how domains of the protein function to maintain epithelial integrity during development (85) . MAGUK proteins typically contain 1-3 PDZ domains at the N-terminus, followed by a SH3 domain, and a catalytically inactive GUK domain (62) . In addition to these domains, C. elegans DLG-1 contains an L27 domain at the very N-terminus of the protein (Figure 4) , which it shares with some isoforms of Drosophila Discs large (88). L27 domains have been shown to mediate heterodimerization between proteins containing the two L27 domain subtypes (89) (90) (91) . To study domain function, GFP-tagged "dropout" dlg-1 constructs missing single or multiple domains (92) have been assessed for in vivo function in a dlg-1 mutant background (85) . These experiments showed that the PDZ domains are needed for recruitment of DLG-1 to cell-cell junctions, although the L27 domain is required for the efficient spreading of AJM-1 along cell junctions (85) .
Interestingly, DLG-1 constructs containing the SH3 domain are able to rescue some of the morphogenetic phenotypes seen in dlg-1 mutant embryos, although they cannot restore viability. Thus, the GUK domain is not required for localization, but it is necessary for full viability, although the mechanism behind the requirement is not yet known (85) . Examining the role of the GUK domain, and identifying binding partners for both the PDZ and GUK domains will be important to further develop our understanding of the DLG-1/AJM-1 complex.
The LAP (leucine-rich repeat and PDZ) protein LET-413 is also necessary for the correct localization of DLG-1 and AJM-1 to cell junctions (Figure 4) (12, 18) . LET-413 localizes to basolateral membranes of C. elegans epithelia through its leucine-rich repeats (93) and dynamic analysis of let-413 mutants shows a lack of apical-basal "focusing" of junctional proteins during junction formation in the epidermis and gut (12, 19, 94) . What domain (s) of DLG-1 are required for this rapid focusing is not entirely clear. However, while a DLG-1::GFP construct missing only the GUK domain can localize normally, apical-basal focusing is blocked in dlg-1 mutant embryos carrying a DLG-1::GFP construct missing the SH3 and GUK domains (85) . Additionally, the localization of a DLG-1 construct containing the SH3 domain, but not the GUK domain, is disrupted in let-413; dlg-1 mutant embryos in a manner that replicates the localization pattern of the DLG-1 construct without the SH3 and GUK domains in dlg-1 mutant embryos (85) . Taken together, these results suggest that DLG-1 interacts with the LET-413-dependent polarization pathway through its SH3 domain for efficient distribution (85) .
While a role for LET-413 in the correct localization of the DLG-1/AJM-1 complex is well established, there is evidence that LET-413 regulates apicobasal polarity more generally.
let-413 mutant phenotypes suggest more widespread disruption of adhesion in the intestine and epidermis than effects on the DLG-1/AJM-1 complex alone can account for (19) . Moreover, removal of LET-413 perturbs more apically localized proteins, although the mechanism by which this occurs is currently unknown (94) . Continued studies into the other domains of LET-413 could provide additional information about its functions (93).
The DLG-1/AJM-1 complex: a self-reinforcing complex?
The original functional characterization of AJM-1 identified it as a physical binding partner of DLG-1 (12) . More recent studies have refined this interaction to the Nterminus of DLG-1, to a region that includes the L27 domain (85) . Examination of dlg-1 deletion constructs in dlg-1 mutant embryos shows that loss of the L27 domain of DLG-1 abrogates its ability to interact with AJM-1 in vivo, indicating that DLG-1 recruits AJM-1 to the junction. However, once there, studies suggest that AJM-1 may help to stabilize the DLG-1/AJM-1 complex against disruption. Loss of ajm-1 function may lead to loss of DLG-1 localization in the intestine (95) and although localization of DLG-1 in the epidermis of ajm-1 mutants has been reported to be normal (12, 18) , DLG-1 deletion constructs that localize normally in wild-type embryos fail to do so in ajm-1 loss of function embryos (85) . Taken together, these results suggest that AJM-1, once recruited to the complex, helps to maintain DLG-1 at junctions. The complex, in turn, stabilizes the electron density at the apical junction (12, 18, 92) .
Do the DLG-1/AJM-1 and cadherin complexes interact?
Although there is abundant evidence that the classic cadherin-catenin complex in C. elegans regulates cell-cell adhesion during embryonic morphogenesis, there is tantalizing evidence that the DLG-1/AJM-1 complex may synergistically regulate cell adhesion alongside the HMR/HMP complex. In addition to the role of the DLG-1/AJM-1 complex in stabilizing the electron-dense region of epithelial cell junctions, analysis of mutants indicates that the complex is also involved in regulating adhesion. Loss of DLG-1 leads to leakage of cytoplasm from the tail and ventral midline during elongation, and loss of AJM-1 leads to the occasional separation of junctions (12, 18) . Moreover, mutations affecting components of the cadherincatenin complex synergize with removal of AJM-1 or DLG-1, resulting in a dramatic failure of cell adhesion (12, 18) . Similarly, dlg-1 and ajm-1 mutants synergize with vab-9 loss of function: vab-9; dlg-1 and vab-9; ajm-1 double mutants frequently arrested with a ruptured epidermis, a more severe phenotype than any of the single mutants (14) . Surprisingly, given that LET-413 acts upstream of DLG-1/AJM-1 localization (6, 19) , the phenotype that results from knocking down both hmp-1 and let-413 resembles the hmp-1 (RNAi) phenotype on its own (95) . This suggests that cadherin-catenin mutants are phenotypically epistatic to mutations in let-413 (95) . This raises serious questions regarding how these two complexes interact with each other, and is an important area for future research.
UNC-34/Enabled: a potential functional integrator of the cadherin and DLG-1/AJM-1 complexes
One way to understand how the cadherin-catenin and DLG-1/AJM-1 complexes interact with each other is to identify and study proteins that interact -physically or functionally -with both complexes. One such protein is UNC-34, the C. elegans homologue of Drosophila Enabled (Ena), a member of the Ena/VASP family of proteins (96) . Ena/VASP proteins are actin binding proteins that promote actin filament elongation and bundling in vitro by binding free filament ends and inhibiting the activity of capping proteins that prevent filament extension (97) , in contrast to WASP-family proteins, which also promote F-actin formation, but via formation of new F-actin branches from existing filaments (98) . In tissue culture, Ena/VASP proteins have been shown to play an important role in modulating the protrusion of the leading edge of migratory fibroblasts (99) and in epithelial sealing events in culture (82) and during neurulation (100, 101) . Surprisingly, in C. elegans, UNC-34 plays only a minor role in modulating motility in epithelial cells (13) . However, unc-34 is genetically redundant with the N-WASP homologue, WSP-1 (96) . Both UNC-34 and WSP-1 are required for the successful completion of ventral enclosure in C. elegans, a process whereby epithelial cells migrate from the dorsal side to the ventral side of an embryo and seal the embryo in an epithelial sheet (11, 13, 96) . During ventral enclosure, GFP-tagged UNC-34 localizes to the leading edges of migrating epidermal cells, but is also redistributed to junctions that are formed during epidermal sheet sealing, suggesting a role in modulating cell adhesion in C. elegans (13) .
It has previously been shown that Ena/VASP proteins associate with cell-cell junctions in cultured mammalian cells and Drosophila epithelial cells (82, 102, 103) .
In primary keratinocytes, this association is dependent on cadherin-catenin function (82). This does not appear to be the case in C. elegans however, because disrupting cadherin-catenin function has no effect on the localization of UNC-34 (13) . Somewhat surprisingly, normal UNC-34 junctional localization requires the activity of AJM-1, which contains a putative consensus Ena/VASP binding motif (13) . In ajm-1 mutants, the intensity of junctional signal is greatly decreased and UNC-34::GFP distribution is non-uniform along junctions (13) . That UNC-34 is not completely missing from cell-cell junctions suggests that there are other factors influencing the localization of UNC-34.
To understand how UNC-34 influences epithelial junctions, Sheffield et al. (2007) took advantage of the hypomorphic allele of C. elegans alpha-catenin, hmp-1 (fe4), that shows variable defects in epidermal morphogenesis (17) . Depleting UNC-34 in hmp-1 (fe4) embryos results in frequent failure of ventral enclosure, suggesting that UNC-34 might be able to partially compensate for reduced HMP-1 activity (13) . If alphacatenin acts to regulate actin dynamics partly by antagonizing actin filament branching activity, it is possible that UNC-34 could compensate for compromised alphacatenin function (17, 42, 43, 104) . Interestingly, the loss of abl-1/Abelson tyrosine kinase, an actin-associated protein that regulates the localization of Enabled in Drosophila, partially suppresses the morphogenetic defects seen in unc-34; hmp-1 (fe4) double mutants (13, 103) . A loss of abl-1 function could result in a reduction of actin capping, thus partially relieving the requirement for UNC-34 in hmp-1 (fe4) homozygous embryos (13) . Further experiments aimed at characterizing molecules that modulate UNC-34 function will be necessary to test these models.
Remaining questions: What links DLG-1 to the membrane?
Experiments suggesting that the DLG-1/AJM-1 complex acts synergistically with the cadherin-catenin complex do not address how this synergy is achieved. In order to modulate cell adhesion, there must presumably be a transmembrane protein associated with the DLG-1/AJM-1 complex; however no such protein has yet been identified in C. elegans. One class of candidate proteins that could provide such a transmembrane linkage is the claudins. In addition to vab-9, the C. elegans genome encodes several claudin-like proteins: CLC-1, CLC-2, CLC-3, and CLC-4 (105) . Interestingly, CLC-1 colocalizes with AJM-1 to epithelial cell junctions in the pharynx, where it regulates barrier function (105) . Due to the colocalization of AJM-1 and CLC-1 in the pharynx (Figure 4) , it is tempting to speculate that claudins are responsible for mediating the synergy between the DLG-1/AJM-1 and cadherin-catenin complexes; however, further experiments would be needed to substantiate this claim. If such a connection between claudins and DLG-1 can be found, it would further underscore some of the similarities between the DLG-1/AJM-1 region of the apical junction and the Drosophila septate junction, since the latter contains the claudin family member Sinuous (106) as well as Discs large (86) . There are other possible transmembrane linkages to DLG-1, if the DLG-1/AJM-1 complex truly is in some ways analogous to the Drosophila septate junction. In addition to the L1CAM family member Neuroglian (72) , Drosophila septate junctions also contain the neurexin, Neurexin IV (Nrx-IV) (87, 107) . While the C. elegans genome encodes two Neurexin homologues, NLR-1 and ITX-1 (9), their functions are poorly characterized; itx-1 (RNAi) yields no obvious phenotypes (M. Köppen, C. Lockwood, and J. Hardin, unpublished) .
While functional examination of such candidate proteins may identify a transmembrane protein that interacts with DLG-1, the lack of convincing functional data implicating any thus far may reflect differences between the DLG-1/AJM-1 complex in C. elegans and the septate junction of Drosophila. As one example, septate junctions contain proteins that have no obvious C. elegans homologue, such as the recently identified MAGUK protein Varicose, which is a binding partner for Nrx-IV (107) . In addition to the obvious ultrastructural difference between septate junctions, which have discernable septa, and the C. elegans apical junction, which do not, these differences suggest that the junctional roles of these complexes could be different as well. If this is true, C. elegans could provide a unique system for discovering new roles for conserved proteins in the basolateral domain.
THE APICAL MEMBRANE DOMAIN
Organization and function
A conserved feature of epithelia across the animal kingdom is the presence of proteins near the apical surface that are important for maintenance or establishment of apicobasal polarity, and hence formation of stratified junctional complexes precisely localized along the apicobasal axis (108) . Components of this domain include the PAR/aPKC complex and members of the Crumbs family of proteins and their interactors (109, 110) . In vertebrates, the PAR/aPKC and Crumbs complexes are associated with tight junctions, whereas in Drosophila and other invertebrates, these components are at the extreme apex of epithelial cells, where the apical membrane ends and the lateral membrane begins (Figure 1) (23, 111) . Work in mammalian and invertebrate systems has demonstrated that the Crumbs and PAR complexes have conserved functions in conferring polarizing cues to the epithelium (108) . A third class of proteins present is spectrin proteins, members of the apical membrane-associated actin cytoskeleton in epithelial cells (112) (113) (114) . This apical cytoskeleton is crucial for providing mechanical support and mediating epithelial cell shape changes (115, 116) .
All three classes of apical membrane domain proteins are present in C. elegans, but the presence of these proteins seems to vary among different epithelial tissues. The intestine and the excretory cell express transmembrane proteins of the Crumbs family, a PAR complex, and spectrin proteins (6, (116) (117) (118) . As is true for at least some epithelia in Drosophila (110) , not all tissues in C. elegans require, or even express, Crumbs family proteins. Epidermal cells and regions of the pharynx, while still expressing spectrins, do not appear to contain Crumbs family proteins (116) . And while a recent report indicates that PAR-3 and PAR-6 are in young embryonic epidermis, they do not appear to be retained in older epidermis (119) . One main difference between C. elegans epithelial tissues is that the epidermis and some pharyngeal cells are surrounded by cuticle, whereas the intestine and excretory cell are not (15) . In Drosophila, cuticular epithelia have been shown to require several additional proteins for proper organization (120) . These combined observations raise two distinct possibilities for how epithelia are organized in C. elegans: the cuticle itself provides support and organizational cues, or other proteins are involved in establishing polarity in the epidermis and pharynx.
In the following sections we discuss what is known about the three complexes associated with the apex, and what is understood about how they interact with other apical membrane proteins.
The PAR/aPKC complex: regulator of junctional organization
The six par (PARtitioning defective) genes and pkc-3 (atypical Protein Kinase C3) were originally uncovered in a screen for defects in early asymmetric cell divisions during C. elegans development (109, 118, 121) . PAR/aPKC proteins have subsequently been identified in other systems and work in mammalian tissue culture and Drosophila has shown that three of these proteins constitute an apical polarity complex in epithelia: the PDZ-containing scaffold proteins PAR-3 and PAR-6, and the serine/threonine kinase aPKC (122) (123) (124) (125) . In mammals and Drosophila, these three proteins physically interact to form the PAR/aPKC complex, which is thought to be important for promoting epithelia junction structure (126) (127) (128) (129) . Antibody staining reveals that PAR-3, PAR-6, and PKC-3 are expressed in developing epithelial tissues in C. elegans, indicating the PAR/aPKC complex might be a component of the epithelial apical membrane in C. elegans as well ( Figure 5 ) (8, 18, 130) .
While the localization of the PAR/aPKC complex depends in part on the proteins within the complex, other cues are also involved. In Drosophila, the Lgl/Dlg/Scrib group of proteins is required to maintain apical localization of the PAR/aPKC complex, which in turn is essential for restricting Lgl localization to the basolateral membrane (131) (132) (133) . In MDCK cells, mammalian Lgl is thought to antagonize cell polarization by sequestering the PAR-6/aPKC complex (134). Similarly, removing LET-413/Scrib by RNAi allows lateral expansion of PAR-3 and PAR-6 in intestinal cells in C. elegans (18, 19) . Genetic studies in C. elegans have putatively identified another protein that acts upstream of localization of the PAR/aPKC complex. While RNAi against hmp-1, ajm-1, or dlg-1 has little effect on the disposition of PAR-3, PAR-6, or PKC-3 in the intestine, mutants lacking ZEN-4, an MKLP1 kinesin, express the polarity markers PAR-3 and PKC-3, but fail to target these proteins to the cell cortex in arcade cells in the pharynx (5, 6, 12) . Interestingly, in C. elegans, as is the case in Drosophila, while the PAR/aPKC proteins are dependent on each other for correct localization during development, they do not always colocalize, with PAR-3 having a tendency to segregate from PAR-6 and PKC-3 (8, 119, (135) (136) (137) . These observations suggest that PAR-3 and PAR-6/PKC-3 can function independently in many situations (108) .
Recent technological advances, which bypass the requirements for the PAR/aPKC complex in the early embryo, have enabled studies of how the PAR/aPKC proteins contribute to epithelial junction assembly in C. elegans. Post-embryonic RNAi was used to demonstrate a functional role for par-3 in the proper polarization of spermathecal cells, including positioning of the DLG-1/AJM-1 complex (7) . Nance et al. (2003) designed constructs possessing a C-terminal sequence that allows PAR proteins to persist in early embryos, but leads to their destruction well before the birth of epithelial cells to study the role of PAR proteins in epithelia. They used these constructs to show that PAR-3 has a role in cell adhesion and gastrulation, even when early embryonic polarity is normal.
More recently, this method was used to provide insights into the role of PAR-6 during the establishment and maintenance of epithelial cell polarity in C. elegans embryos. Totong et al. (2007) showed that depletion of PAR-6 prior to gastrulation results in elongation failure during embryogenesis. The embryos can still enclose, which suggests that adhesion molecules are still at junctions, but their epithelia are unorganized, hence the embryo cannot elongate (119) . In wild-type embryos, DLG-1 and other junctional proteins accumulate in puncta at the apicobasal surface of cells and then condense into belt-like junctions (6, 12, 18) . In embryos depleted of PAR-6 prior to gastrulation, DLG-1::GFP was expressed at the correct time and formed apical puncta; however, these puncta failed to condense into continuous junctions (119) . This demonstrates a role for PAR-6 in C. elegans epithelial junction organization, but not apicobasal polarization (119) . The fact that junction proteins can still localize apically suggests there is a mechanism independent of PAR-6 that can be used to polarize epithelial cells in C. elegans (119).
The Crumbs complex: surprisingly minor roles
In the tight junctions of vertebrates and the subapical region of Drosophila (Figure 1) , the Crumbs complex is a key regulator of junction formation and apical-basal polarity (138) . Disrupting the normal expression of the Crumbs complex in vertebrates leads to severe defects in tight junction formation and cell polarity and affects localization of the PAR/aPKC complex (139, 140) . PALS1, a protein that interacts with mammalian CRB3/Crumbs, can also regulate E-cadherin exocytosis (140) . In Drosophila, cells that lack crumbs do not organize a continuous zonula adherens and fail to maintain polarity (110, 141, 142) . In apparent contrast to vertebrates, the Drosophila Crumbs and PAR/aPKC complexes interact differently at distinct times during development. During mid-to late-embryogenesis, Crumbs is expressed normally in zygotic Bazooka/PAR-3 mutants; conversely, Bazooka/PAR-3 is found in the apical membrane of epithelial vesicles in Crumbs mutants (132) . However, the Crumbs and PAR/aPKC complexes are mutually dependent on one another for proper localization in the photoreceptor (143).
In order to achieve apical-basal polarity, the Crumbs complex interacts with several apical membrane domain proteins. In tissue culture, biochemical studies have demonstrated that the Crumbs and PAR/aPKC complex physically interact to define the apical domain of epithelial cells (144, 145) . Intriguingly, Drosophila Crumbs genetically interacts and is physically associated with the spectrin cytoskeleton, but the nature of this interaction is unclear (115, 141, 142) . What is more clear is that the Crumbs complex functions competitively with the Lgl/Dlg/Scrib complex to define the apical and basolateral surfaces of epithelial cells, respectively (132) . The crumbs mutant phenotype can even be partially rescued by lgl mutations, indicating that Crumbs is only part of the story in defining apical polarity (132, 146) . In addition, Crumbs mutant embryos can regain normal polarity on their own in epithelial cells during midembryogenesis, albeit much later than is required for viability (132) . These observations indicate the existence of functionally redundant mechanisms in epithelial polarization in Drosophila.
C. elegans has one Crumbs homologue, CRB-1, and one Crumbs-like gene, CRL-1 or EAT-20 (2). Lossof-function studies indicate that EAT-20 is required for normal muscle pumping in the pharynx (20) . C. elegans CRB-1 localizes more closely with HMP-1 than DLG-1 at cell junctions, suggesting it also acts as an apical membrane protein ( Figure 5 ) (67, 95) . Given the dramatic phenotypes that result from the removal of Drosophila Crumbs, it is surprising that C. elegans CRB-1 does not appear to be an essential junctional protein, although it does affect junction polarity (67, 95) . In the C. elegans intestine, CRB-1 appears to play a redundant role in the polarization of epithelia, where it acts as a positional cue for the localization of DLG-1 after depletion of let-413 (95) . The fact that crb-1 mutant embryos are viable suggests that C. elegans may be an ideal system for studying how CRB-1 functions redundantly with other apical membrane proteins to establish polarity.
Spectrin-based membrane skeletons: structural stabilizers of the apex
Spectrins, first identified in erythrocytes, mediate attachments between cell membranes and actin (21, 147) . Typically, alpha-and beta-spectrins form heterotetramers that cross-link actin to the cell membrane using adapter proteins such as ankyrin and protein 4.1 family members (FERM domain proteins) that interact with integral membrane proteins and phospholipids (115, 141) . Early studies in vertebrates suggested that spectrin proteins play a role in either the initial formation or maintenance of epithelial polarity following cadherin-based adhesion. Vertebrate spectrin is recruited to sites of cell-cell contact following expression of E-cadherin in fibroblasts, and spectrin exists in a complex with cadherin in MDCK cells (148) (149) (150) . Furthermore, overexpression of the ankyrin-or actin-binding domain of β-spectrin resulted in cells lacking a polarized distribution of membrane proteins (151, 152) .
In Drosophila and C. elegans, spectrin proteins do not appear to be necessary for the initial establishment of epithelial polarity, but they are needed for normal development (153, 154) . Compared to vertebrates, Drosophila and C. elegans have fewer spectrin genes: a single alpha-spectrin, a generally expressed beta-spectrin and a beta-heavy-spectrin (115) . Beta-heavy-spectrin, a beta-spectrin isoform originally identified in Drosophila, can still form heterotetramers with alpha-spectrin (112) (113) (114) 155 ), but does not require ankyrin to associate with the plasma membrane (75) . In Drosophila, mutations in the beta-heavy-spectrin gene karst result in extensive larval lethality and cause cell shape change and cell adhesion defects; in humans a homologue of beta-heavy-spectrin, beta-V-spectrin, may play a similar role (156) (157) (158) . In C. elegans, the spectrin proteins SMA-1/beta-heavy-spectrin and SPC-1/alpha-spectrin appear to be present in all epithelial tissues ( Figure 5 ) and moreover, both SMA-1 and SPC-1 are necessary to mediate epidermal cell shape changes during morphogenesis (21, 147) .
In C. elegans, SMA-1's primary function appears to be to link actin to the apical membrane, and not at sites of adhesion (116) . During elongation, SMA-1 redistributes to the apical membrane in a speckled pattern that shows increased intensity near cell boundaries (116) . At this time during C. elegans development, cortical arrays of actin redistribute to form circumferential actin filament bundles (4). In both wild-type and sma-1 mutant animals, the actin fibers remain intact at cell boundaries during morphogenesis, unlike the phenotypes observed in strains carrying defects in other proteins of the apical cell junction (4, 6, 14, 17) . However, sma-1 mutants fail to elongate, as actin filaments dissociate from the apical membrane during morphogenesis (116) . The N-terminus of SMA-1 is sufficient to organize actin at the apical membrane during cell elongation, but cannot rescue a null mutation (116) . This indicates that other domains of SMA-1 mediate additional functions necessary for embryonic elongation.
The proteins that are required for the interaction between SMA-1 and the apical membrane have yet to be identified (116) . In contrast to the Drosophila homologues, SPC-1/alpha-spectrin is not required for the normal localization of SMA-1, although it is needed for proper organization of SMA-1 in C. elegans (116) . This means there are additional C. elegans proteins necessary for the normal assembly of the apical membrane-associated spectrin-based cytoskeleton. Candidates include CRB-1/Crumbs, which coimmunoprecipitates with the Drosophila beta-heavy-spectrin (141) and ERM-1, which shows a genetic interaction with SMA-1 (159). ERM-1, the Ezrin, Radixin, Moesin homologue appears to function as a structural molecule in lumen formation in the gut (159). However, when knocked down together with hmr-1, the apical junction is missing in many places (160). This is similar to the phenotype seen after a simultaneous loss of DLG-1/AJM-1 and cadherin-catenin complex components (95) .
These observations suggest that the spectrin cytoskeleton, along with other strata of the apical junction, plays a role in stabilizing the entire apical junction in C. elegans.
SUMMARY AND PERSPECTIVES
There are striking similarities between the assembly and regulation of junction complexes in C. elegans and higher organisms, making C. elegans a useful system for studying the organization of adhesion complexes in vivo. Much of the work to date has centered on defining the roles of individual adhesion or polarity proteins during development. For example, C. elegans has been useful in uncovering additional roles for known junctional proteins, such as HMP-1/alpha-catenin (11) and DLG-1/Discs large (85) . However, there are still many worm homologues of vertebrate adhesion proteins, such as the neurexin family proteins mentioned above, whose functions have yet to be characterized in epithelia (9) .
In addition to such analyses, however, several areas of research have just begun to be addressed. In particular, understanding how domains of the apical epithelial junction engage in functional and physical crosstalk requires much more attention. Here, too, C. elegans may present some advantages. For example, elongation of the C. elegans embryo requires functional catenins, DLG-1 and AJM-1, as well as an intact apical membrane domain, leading to several questions. Why are all three domains of a C. elegans epithelial apical junction required for elongation? How do different components of the apical junction function mechanistically relative to one another during elongation? What signaling pathways are involved? How does each of these domains contribute to the overall biomechanical properties of epithelia during morphogenesis? Using the genetic and molecular tools available in C. elegans, it should be possible to explore answers to these questions. The fruits of such investigation should, in turn, provide general insights into how each of the conserved apical junction domains contributes to the completion of complex tasks by epithelial tissues during embryonic development.
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